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South American passive marginLate Quaternary deposits in the northeastern Brazil have been scarcely investigated, despite their relevance to
the discussion of the post-rift evolution of the South American passive margin within the context of landform,
sea level and tectonic deformation. Sedimentological, stratigraphic and morphological characterization of
these deposits, referred as Post-Barreiras Sediments, led to their distinction from underlying Early/Middle
Miocene strata. Based on optically stimulated luminescence (OSL) dating, two sedimentary units (PB1 and
PB2) were recognized and related to the time intervals between 74.8±9.3 and 30.8±6.9 ka, and 8.8±0.9 and
1.8±0.2 ka, respectively. Unit PB1 consists of indurated sandstones and breccias either with massive bedding
or complex types of soft sediment deformation structures generated by contemporaneous seismic activity.
Unit PB2 is composed of massive sands or sands related to structures developed by dissipation of dunes. The
present work, focusing on the Post-Barreiras Sediments, discusses landform, sea level and tectonics of the
eastern South American passive margin during the latest Quaternary. Non-deposition and sub-aerial exposure
related to the Tortonian worldwide low sea level combined with tectonic quiescence followed the Miocene
transgression. Tectonic deformation in the latest Pleistocene created space to accommodate unit PB1 in
downthrown faulted blocks and, perhaps, also synclines produced by strike–slip deformation. Although
deposition of this unit was simultaneous with the progressive fall in sea level that followed the Last
Interglacial Maximum, punctuated rises combined with land subsidence led to marine deposition close to the
modern coastline. Renewed subsidence in the Holocene gave rise to accommodation of the Post-Barreiras
Sediments. Most of unit PB2 was deposited during the Holocene Transgression, but it is not composed of
marine sediments, which suggests either an insigniﬁcant rise in relative sea level or aeolian reworking of thin
transgressive sands. The data presented here lead to a review of the evolution of the South American passive
margin based on assumptions of uniform sedimentation and undeformed planation surfaces over a wide
coastal area of the northeastern Brazil.isas Espaciais-Inpe, Centro de
to–DSR, Rua Dos Astronautas
EP 12245-970 São Paulo Brazil.
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The evolution of the South America passive margin during the late
Cenozoic has been discussed in relation to a link between sediment
deposition and landform based on the following assumptions: 1. most
of the South American eastern coast from latitudes 22°S to 04°N are
tablelands developed only on siliciclastic deposits included in theMiocene–Pliocene Barreiras Formation; and 2. sediment deposition
was triggered by erosion promoted by climatic changes in a
tectonically stable geological setting (e.g., Araújo et al., 2006; Lima
et al., 2006; Mabesoone et al., 1972; Suguio et al., 1986; Vilas-Bôas et
al., 2001). However, several publications have shown that the
siliciclastic deposits on the coastal tablelands include not only the
Barreiras Formation, but also a variety of latest Quaternary strata
underlain by a regional unconformity marked by a well-developed
ferruginous lateritic paleosol (e.g., Rossetti 2001, 2004). With few
exceptions (i.e., Barreto et al., 2002, 2004; Bezerra et al., 2005; Suguio
et al., 1985; Tatumi et al., 2003), the overall lack of systematic studies,
as well as the highly weathered nature of the proﬁles and the absence
of fossil data, are main factors that have contributed to erroneously
include these deposits in a unique Neogene stratigraphic succession.
Moreover, Neogene and Quaternary fault reactivations have disrupted
Fig. 1. A) Location map of the study area in the Paraíba Basin, northeastern Brazil, between the Pernambuco Lineament and the Mamaguape Fault. Numbers 1―16 locate the
lithostratigraphic proﬁles shown in Fig. 7. The inside box in the lower ﬁgure locates Fig. 9. B) Schematic chart representative of the stratigraphy in the onshore Paraíba Basin
(Modiﬁed from Barbosa et al., 2003).
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accumulation (Bezerra and Vita-Finzi, 2000; Costa et al., 2001;
Riccomini and Assumpção, 1999; Rossetti et al., 2008). Earthquake
magnitudes as high as 5.2 attest modern seismicity (Bezerra et al.,
2007; Ferreira et al., 1998, 2008; Takeya et al., 1989). These new data
pose the question on how the Brazilian coast evolved during the
passive margin stage. To answer this question, the Quaternary Post-
Barreiras Sediments that overlie the Barreiras Formation have beenanalyzed. These deposits are of great relevance to: the determination
of the interplay among tectonics, sedimentation, and landform; the
reconstruction of tectonic events; and to understand better the
evolution of the South American passive margin after continental
breakup.
In this work, we integrate sedimentological, stratigraphic and
chrononologic data of the Post-Barreiras Sediments from the Paraíba
Basin, northeastern Brazil (Fig. 1A). The main goal is to determine
Fig. 2. Standardized growth curve (SGC) obtained for quartz grains of the analysed
samples, which was used to obtain the OSL ages.
Fig. 3. Geological map of the study area, depicting the geographic distribution of the
sedimentary units (compare with Fig. 1).
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providing information for discussion of the interplay among late
Cenozoic landforms, sedimentation, sea-level and tectonics of the
eastern South American plate margin.
2. Geological framework
The onshore Paraíba Basin encompasses an area of nearly 160 km
along the littoral of the States of Paraíba and Pernambuco, which is
bounded by the Pernambuco Lineament to the south and the
Mamanguape Fault to the north (Barbosa et al., 2003; Brito-Neves et
al., 2005; Fig. 1A). This basin, established over Paleo- to Neoproter-
ozoic supracrustal granitic and ortogneissic rocks, originated by rifting
resulting from the South American and African continental break-up.
The ﬁrst major tectonic event reactivated NE–SW and E–W trending
shear zones in the Late Jurassic and Early Cretaceous during the onset
of the Pangea breakup (e.g., Castro et al., 2008; Matos, 1992, 2000).
Shear zones were reactivated in the Cretaceous and Tertiary times
(Nóbrega et al., 2005).
The sedimentary ﬁll of the onshore Paraíba Basin consists of up to
360 m-thick sandstones of the Beberibe Formation (Barbosa et al.,
2003; Fig. 1B). These deposits, Coniacian–Santonian in age (Beurlen,
1967), are attributed to continental, mostly ﬂuvial, environments. The
Beberibe Formation is overlain by the Itamaracá Formation, a 70 m-
thick Santonian–Campanian unit of fossiliferous calciferous sand-
stones and muddy siltstones formed in marine transitional settings.
The Itamaracá Formation is overlain by phosphatic rocks and
calciferous shales of the marine Gramame Formation (Campanian–
Maastrichtian) (Beurlen, 1967). The southern portion of the basin
contains Early/Middle Paleogene limestones of the Maria Farinha
Formation (Barbosa et al., 2003). These deposits are overlain by the
Barreiras Formation, a nearly 70 m-thick succession of sandstones,
mudstones and conglomerates formed in alluvial fan, braided ﬂuvial
(Araújo et al., 2006; Lima and Vilas-Bôas, 2000; Lima et al., 2006;
Suguio et al., 1986), and estuarine systems (e.g., Rossetti, 2001, 2006;
Rossetti et al., 1989). This unit crops out almost continuously along
the north and northeast Brazilian passive margin from the State of
Amapá (latitude 04°N) to the State of Rio de Janeiro (latitude 22°S).
Traditionally regarded as a Plio-Pleistocene succession, palynological
studies have indicated only Early/Middle Miocene ages (e.g., Arai,
2006; Leite, 2004).
There are only a few studies of late Quaternary sediments in the
northeastern Brazil. Barreto et al. (2002) dated twomarine deposits to
the north of the Paraíba Basin, which yielded ages of 220–206 and
117–110 ka, correlated with the marine oxygen-isotope substages 7c
and 5c, respectively. The older deposit ranges in elevation between7.5 and 1.3 m, whereas the latter varies between 1 m and 20 m. Their
study indicates relative downfaulting in the Late Pleistocene of ~12 m
along the littoral zone. In addition, Barreto et al. (2004) studied white
sands that crop out to the north of the Paraíba Basin, and related them
to six aeolian depositional events in the last 390,000 years. These
authors interpreted these events as relative sea-level highstands and
falls during interglacial and glacial stages, respectively. In addition,
Holocene intertidal deposits, mainly beach rocks located on the N–S-
trending coast, are dated to 7000–6000 and 5500–4500 cal yr BP.
3. Methods
This study included facies and stratigraphic analyses based on ﬁeld
data. Facies descriptions included color, lithology, texture and primary
sedimentary structures. The sedimentary facies were photographed
and recorded on 16 measured lithostratigraphic proﬁles, which
provided the basis for selecting the samples for dating.
The ﬁeld data were plotted on the digital elevation model derived
from the Shuttle Radar Topography Mission-SRTM. This consisted of
original 90-m resolution (3 arc sec) synthetic aperture radar data
acquired with C band (λ=6 cm), downloaded from the site http://
edc.usgs.gov/srtm/data/obtainingdata.html. The SRTM data were
processed using customized shading schemes and palettes in the
software Global Mapper. The aim was to highlight the topographic
and morphologic features. These were useful for the correlation of the
lithostratigraphic proﬁles and for the distinction between the
Barreiras Formation and the Post-Barreiras Sediments. In addition to
visual processing using customized color palettes, the SRTM-90 m
data were pre-processed to remove failures and artifacts, assuring
pixel thinning from 3 to 1 arc sec (and the performance of algorithms
aimed at morphometric analyses) (cf. Valeriano et al., 2006). This
procedure allowedmorphometric differentiation between the studied
deposits and morphostructural analysis. To express aspect pattern
differences, the data set was complemented by a variable layer
Fig. 4. A) DEM-SRTM from the study area in the Paraíba Basin illustrating the
morphology typical of the Post-Barreiras Sediments, characterized by continuous
deposits on northeastward lying tablelands (Pl=unit PB2) that alternate with
discontinuous deposits on hilly landforms (H=unit PB1). B) Topographic proﬁle
extracted from the transect I―I′ shown in ﬁgure A, characterizing the contrasting
elevation of units PB1 and PB2. The inside box in A locates Fig. 10.
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within a given radius), here referred as aspect coherence or, simply,
coherence.
Thirty nine sediment samples were dated using Optically
Stimu lated Luminescence (OSL). These analyses were carried out at
the Laboratory of Glasses and Dating of the Faculdade de Tecnologia de
São Paulo, Brazil (FATEC–SP). Samples underwent chemical treat-
ments, whichwere followed by sieving to sort out grain sizes between
125 and 180 μm. The γ-irradiation was performed using a Co-60
source at the Instituto de Pesquisas Energéticas e Nucleares, Brazil
(IPEN-SP). Natural radioactive isotope contents were determined
with gamma spectroscopy, using Inspector portable spectroscopy
workstation, with NaI(Tl) detector model 802 of the Canberra and
lead shield model 727. The data were calibrated with JG-1a, JA-3, JB-2,
and JB-3 Japanese's soil standard samples. Peak energies used 238,
295, 352, 1120, 1460, 1760, and 2620 keV. The annual dose was
calculated using the activity concentration from 232Th, 238U and 40K,
determined by gamma spectrometry and Bell's equation. OSL dating
was carried out with an incorporated Daybreak Nuclear and Medical
systems, Model 1100-series automated OSL system.Fig. 5 . Sedimentological characterization of the Post-Barreiras Sediments-unit PB1. A) Gene
lines) at the top of the Barreiras Formation. B) A detail of the unconformity shown in A, whi
Indurated massive sandstone with collapsed boulders of similar composition (dotted lines).
disrupted by sub-vertical faults (the white dotted lines highlight the unconformity atop the
indurated sandstones. E) Soft sediment deformation, with convolute lamination in sandsto
interrupted sandstone bed (Si) with clast collapsed from this layer that is now ﬂoating withi
fossils related to Skolithos-Cruziana ichnofacies (G=Diplocraterion; H=Ophiomorpha; I=T
disrupted by a fault (continuous inclined line). J) Sharp based, concave up conglomerates wit
within soft sediments of unit PB1, illustrating Teichichnus (Tc) and Planolites in K. M) SandOSL dating of quartz grains was performed using a blue light
(470 nm) and the detection through ~5 mm Hoya U-340 ﬁlter. The
OSL ages were obtained by the standardized growth curve (SGC)
method (Roberts and Duller 2004). Single Aliquot Regenerative dose
(SAR) protocol (Galbraith et al., 1999; Hilgers et al., 2001; Murray and
Roberts, 1998) improved by Murray and Wintle (2000) (see also
several other references in Murray and Olley, 2002) was applied to 15
random samples to validate the equivalent dose (De). The natural
luminescence signal (Ln) and the laboratory test dose (Tn) were
measured for the SGC. The ratio of both signals (Ln/Tn)wasmultiplied
by the size of the test dose applied (Ln/Tn×Td) in order to obtain the
standardized OSL signal. In all cases, samples were preheated at
250 °C for 10 s prior measurements, and at 200 °C for 10 s after the
test dose. The same thermal treatments were used during the SAR
protocol. Eight different doses between 10 and 600 Gy were used to
build the SGC (Fig. 2), with ﬁve aliquots measured for each dose. To
obtain the convenient De, a regression curve using the equation I
(OSL)=Imax(1−e−D/Do)+k.D was ﬁtted through the data.
4. Results
4.1. General features
The Post-Barreiras Sediments are widespread throughout the
Paraíba Basin (Fig. 3). This unit overlies unconformably the Barreiras
Formation on hilly landforms, forming extensive and continuous,
mostly northeastward dipping tablelands that alternate with discon-
tinuous deposits (Fig. 4). Their thicknesses vary from a few meters up
to several tens of meters. These deposits are mostly composed of
sandstones and sands with various grain sizes and, secondarily,
conglomerates of quartz pebbles and mudstones. Sandstones are
indurated to friable and poorly to well sorted.
This work revealed that the Post-Barreiras Sediments can be
grouped into two sedimentary units. For descriptive purposes, these
will be referred herein as PB1 and PB2.
4.2. Sedimentary facies and stratigraphy
Unit PB1 contains a variety of indurated or non-indurated
sedimentary deposits, mostly consisting of sandstones, mudstones,
as well as conglomerates and breccias. These strata rest unconform-
ably either on the Barreiras Formation (Fig. 5A–B) or on the crystalline
basement. In the ﬁrst case, a lateritic paleosol separates the two units.
The indurated deposits include sandstones and breccias. The latter,
formed by sandstone intraclasts of various sizes, are typically golden
yellow or, subordinately, whitish yellow to white. The sandstones are
usually golden yellow or gray, andmost frequentlymoderately sorted.
Large intraclasts up to 10 m in length are present within these
deposits (Fig. 5C). These indurated deposits are a stratigraphic marker
because they can be easily distinguished from the Barreiras Formation
below. Massive beds are the most recurrent structure of sandstones
(Fig. 5C–D). However, the massive sandstones grade into a variety of
complex styles of ductile and brittle deformation structures, mostly
including: undulatory strata (Fig. 5E), vertical sand intrusions as dikes
and diapirs (Fig. 5F), mixture of sediment masses due to re-
sedimentation, downward sediment displacement as sand sinks andral view of an outcrop illustrating unit PB1 sharply overlying the unconformity (dotted
ch is marked by ferruginous concretions laterally reworked from a lateritic paleosol. C)
D) Indurated massive sandstones sharply overlying the Barreiras Formation, which was
Barreiras Formation. Note also several vertical to sub-vertical fractures and faults in the
nes (rectangle) and mudstones (Cm), cone-shaped fractures (arrows), and a sharply
n the mudstone. F) Diapir (Dp) formed within ﬂuidized sandstones. G―I) Types of trace
halassinoides). Note in I that the trace fossil (highlighted by dotted lines) was locally
hin sandstones from the soft sediments of unit PB1. K–L) Intensely bioturbated deposits
stones with aeolian dune dissipation structures.
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faulting (Fig. 5D), cone-shaped cracks (Fig. 5E), fractures (Fig. 5D) and
slumps (Rossetti et al., in press). The most remarkable feature is that
deposits bearing these deformation structures overly entirely unde-formed strata. Moreover, the indurated deposits are partly or
intensely bioturbated. In most cases, the types of trace fossils could
not be determined. However, exposures located in low topography
(generally b60 m) near themodern coastline, particularly those to the
Fig. 6. Sedimentological characterization of the Post-Barreiras Sediments-unit PB2. A) Sharp, erosional contact between units PB1 and PB2. Note the intense deformation of the
former, illustrated by an abundance of fractures, which do not continue upward into the latter. Note also the massive nature of friable sands from unit PB2. The dotted line highlights
the contact between units. B) Fractures in unit PB1 ﬁlledwith sediment that descended from the overlying unit PB2. Note also in unit PB1 the presence of elongated sand balls derived
from the overlying unit (circle). Hammer for scale in C and D is 0.40 cm in length. C) Unconformable contact between sands with dissipation dune structures from units PB1 and PB2.
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branched burrows such as Thalassinoides, Ophiomorpha, Planolites and
Diplocraterion, related to Skolithos-Cruziana ichnofacies (Fig. 5G–I).
The indurated sandstones and breccias with massive and defor-
mation structures grade vertically and laterally into undeformed
strata consisting of reddish to yellowish white conglomerates and
light red, yellow to whitish, and less commonly, brownish sandstones
and mudstones. The conglomerates are monomytic and composed of
poorly sorted, rounded to sub-rounded quartz pebbles within a
medium- to coarse-grained, poorly sorted sandy matrix with quartzgranules. These deposits (Fig. 5J) have sharp basal surfaces and are
mostlymassive or crudely stratiﬁed. Small andmedium scale, tabular-
or trough-cross bed stratiﬁcations are present. The sandstones,
composed of quartz, and less commonly, feldspar grains, include
several facies. A large volume of these deposits are massive, in which
case they are mostly composed of moderately to poorly sorted, sub-
rounded grains. Disperse within the massive sandstones are quartz
granules and pebbles, as well as clasts of ferruginous concretions
derived from erosion of the underlying paleosol horizons. These
materials are concentrated in lags over erosive, steeply inclined
Table 1
Ages of the Post-Barreiras sediments based on optically stimulated luminescence
dating.
Unit Sample U
(ppm)
Th
(ppm)
K(%) Accumulated
dose (Gy)
Annual dose
rate (μGy/yr)
Age
(ka)
PB1 PB1–7 2.643 11.748 0.298 31.4 2068±84 15.2±1.4
PB1–8 2.237 9.200 0.151 40.2 1622±50 24.8±2.0
PB2–8 1.510 7.228 0.151 71.0 1416±80 50.2±5.4
PB2–9 2.094 9.058 0.505 44.5 2090±183 21.3±2.9
PB2–10 3.207 15.313 b.d.l 48.0 2590±217 18.5±2.5
PB3–8 2.455 10.917 0.462 60.0 2126±102 28.0±4.0
PB3–13 1.423 6.142 0.550 49.0 1591±142 30.8±6.9
PB3–14 1.098 3.878 0.272 51.0 1053±74 48.4±5.1
PB4–3 0.542 1.168 b.d.l 19.2 511±6 37.6±2.3
PB4–4 1.080 1.278 b.d.l 20.0 439 ±35 45.6±5.9
PB5–1 0.611 1.242 0.426 31.5 1003±219 31.4±8.4
PB6–1 0.720 0.753 b.d.l 23.4 492±20 47.5±4.3
PB6–2 0.472 0.724 0.093 29.4 521±76 56.4±11.1
PB7–1 2.720 12.862 0.533 184.0 2413±118 76.0±9.1
PB7–2 2.493 12.143 0.589 85.0 2358±123 36.0±2.8
PB7–3 0.884 2.081 0.524 28.0 1122±116 25.0±2.7
PB8–1 2.046 7.508 0.549 125.0 1853±165 67.5±9.2
PB8–2 1.226 3.691 0.188 18.0 968±57 19.0±1.9
PB8–10 1.937 6.437 0.282 70.0 1471±134 48.0±5.1
PB8–11 2.444 12.738 0.396 78.0 2192±125 35.6±3.4
PB9–4 3.051 14.502 0.538 39.6 2613±185 15.2±1.8
PB9–5 0.785 1.314 b.d.l 26.9 551±50 48.8±6.9
PB10–3 2.021 8.655 0.284 51.9 1662 ±151 31.2±4.4
PB11–1 0.683 1.353 b.d.l 11.2 521±42 21.5±2.8
PB12–2 2.124 9.950 0.211 39.2 1760±159 22.3±3.1
PB12–3 1.628 7.842 0.467 27.0 1686±112 16.0±1.9
PB13–2 3.935 18.265 0.899 53.0 3506±240 15.1±1.8
PB13–5 3.637 19.442 0.460 131.3 3068±159 42.8±4.4
PB13–7 4.477 23.062 0.607 213.5 3707±189 57.6±5.8
PB14–1 0.715 1.410 b.d.l 11.2 521±42 21.5±2.8
PB15–4 4.879 26.098 0.738 116.6 4172±340 27.9±3.7
PB15–5 4.031 18.952 1.120 285.0 3809±283 74.8±9.3
PB16.3 2.799 15.553 0.638 489.0 2743±276 178.3±26.8
PB2 PB1–5 1.298 5.446 0.141 9.6 1088±53 8.8±0.9
PB1–6 1.674 5.903 0.578 18.9 1667±165 11.3±1.7
PB3–10 1.547 5.129 0.245 2.5 1235±58 2.0±0.2
PB3–11 1.419 4.496 0.219 2.0 1128±54 1.8±0.2
PB8–3 0.754 2.194 0.215 4.6 780±42 6.0±0.6
PB9–3 4.366 24.443 b.d.l 15.1 3299±168 4.6±0.5
b.d.l. = below detection limit.
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coarsening upward successions.
The massive sandstones are interbedded with small- to medium-
scale tabular- or through-cross stratiﬁed sandstones. These lithologies
are usually interbedded with parallel-laminated or massive mud-
stones, forming laterally continuous tabular packages with ﬁning and
thinning upward successions. Large-scale cross-stratiﬁed beds are
locally bounded by concave-up discontinuity surfaces with sub-
rounded to rounded mudstone clasts up to 0.4 cm in length.
Moving toward the modern coastline, unit PB1 encompasses
packages up to 25 m thick of interbedded, ﬁne- to medium-grained
and medium- to pebbly-sandstones. These are arranged into 2–4 m
thick, coarsening upward cycles with abundant trace fossils. The
ichnological abundance and diversity decrease upward. In general,
traces identiﬁed are the same reported in the indurated sandstone
facies, with the addition of Teichichnus and Planolites (Fig. 5K).
In addition to the above described sandstones, exposures of unit
PB1 located on the eastern side of the study area display friable,
yellow sands. These contain undulating laminations consisting of mud
lamellae related to structures developed by dissipation of dunes (cf.
Bigarella, 1975; Fig. 5M). Despite similarities with PB2 sands, these
deposits were included in PB1 on the basis of both age and
stratigraphic relationship.
Unit PB2 unconformably overlies PB1 deposits (Fig. 6A). Both
deposits may rest directly on either the Barreiras Formation or thebasement crystalline rocks. Deposits from unit PB2 are present within
unit PB1 either as vertical to sub-vertical elongated bodies that ﬁll up
fractures and fault planes, or as rounded to ellipsoidal-shaped pockets
(Fig. 6B). The bulk of unit PB2 is much less complex than deposits
from unit PB1, consisting exclusively of loose, white to gray or brown,
well sorted, rounded to sub-rounded, quartz sands. Quartz granules
might be dispersed throughout these beds. Sands are either massive
or display structures related to structures developed by dissipation of
dunes (Fig. 6C).
4.3. OSL chronology
Out of a total of 39 samples analyzed for this study, 33 were
derived from deposits related to unit PB1 and 6 from deposits ascribed
to unit PB2. The results (Table 1 and Fig. 7) are consistent with sample
position within individual lithostratigraphic proﬁles, as indicated by
progressive upward age decrease in all the analyzed exposures. In
addition, samples derived from stratigraphically correlated deposits
are within the same age group.
Samples from unit PB1 provided two groups of OSL ages. The ﬁrst
group refers to 16 samples collected from the indurated sandstones,
with 3 other samples of non-indurated sandstones overlying them. In
general, the ages range from 74.8±9.3 ka to 30.8±6.9 ka. Only one
sample provided an abnormal older age of 178.3±26.8 ka. The second
group encompasses the other 14 samples derived from the remaining
strata, which provided slightly younger ages from 28.0±4.0 ka to
15.1±1.8 ka.
As expected by their stratigraphic position overlying unit PB1, the
6 samples from unit PB2 recorded mostly Holocene ages between
8.8±0.9 ka and 1.8±0.2 ka. One sample provided a pre-Holocene age
of 11.3±1.7 ka, which is nonetheless close to the Pleistocene–Holocene
boundary.
Noteworthy is the 5 samples of white friable sands (i.e., 4–4, 5–1,
6–1, 6–2 and 7–3 in Table 1), lithologically similar to unit PB2, which
recorded OSL ages consistent with unit PB1. This characteristic, added
to the fact that these sands grade downward into the other deposits of
unit 1, led to relating their origin to in situ weathering. A possible
interpretation is that these deposits were reworked during the
Holocene, being transported to lower lying areas, where they
contributed to form the white sands of unit PB2.
4.4. Morphologic characterization
In addition to geological data, units PB1 and PB2 could be
differentiated on the basis of terrain morphometric descriptors
including slope, proﬁle curvature, landform and aspect coherence
(Fig. 8A–D). Hence, terrains corresponding to unit PB1 were, in
general, between 100 m and 150 m in altitude, concave-divergent,
with high slopes (mode values between 2% and 10%), strong
curvatures, and high coherence (Fig. 4). Unit PB2 is around 100 m
above sea level, being uniformly characterized by low (less than 2%
slopes) convergent to planar reliefs with straight proﬁles (curvature
within the ±0,005°/m interval) and very low coherence values.
Morphometric characteristics, such as slope direction and plan
curvature, helped to extract morphostructural lineaments, which
correspond to straight segments of both drainage courses and divides.
A map for the southern portion of the study area shows three groups
of lineaments distinguished on the basis of density (Fig. 9A–B): group
1, with low to medium density, which corresponds to PB1 deposits;
group 2, with medium density, which corresponds to PB2 deposits;
and group 3, with high density, which is related to the Barreiras
Formation. Groups 2 and 3 display dominantly NNW–SSE trending
lineaments, but also with important contributions of NW–SE, NE–SW
and E–W trends (Fig. 9C). Group 1 has a prevailing NE–SW trend, with
less contribution of NW–SE, NNW–SSE and E–W trends than observed
in the other two groups.
Fig. 7. Lithostratigraphic proﬁles with OSL ages (in ka) for the studied samples. See Fig. 1 for proﬁle location and Table 1 for complete information on the OSL data.
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Fig. 8. Typical geomorphometric patterns (slope, proﬁle curvature, landforms and organization) of the units PB1 and PB2.
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represented in segments of the Gramame River and some of their
tributaries, such as the Mumbaba, Guruji, Garaú, and Água Boa rivers
(Fig. 10A and B). In addition, a segment of the Miriri River displays a
similar pattern almost 50 km northwest of the Gramame River
(Fig. 4A). Geological exposures from these areas revealed broad
anticlines and synclines within both the Barreiras Formation and the
overlying unconformity with lateritic paleosol (Fig. 10C and D).
5. Discussion
5.1. Stratigraphic framework and OSL chronology
The present study leads to the conclusion that the Post-Barreiras
Sediments from the Paraíba Basin constitutes a depositional succes-
sion that must be removed deﬁnitely from the underlying Miocene
Barreiras Formation. This is mainly established on the presence of an
unconformity between these units, which is similar to the unconfor-
mity related to the Tortonian sea level drop that occurred between
correlatable units from other areas of the Brazilian coast (e.g., Lima,
2008, Rossetti, 2004, 2006).
The recognition of an unconformity marked by lateritic paleosols
overlying the Barreiras Formation also in the study area helps to
further relate the origin of this surface to allochtonous processes,
reinforcing its signiﬁcance as an important stratigraphic key surface.
Because this surface is useful for the discrimination of the Post-
Barreiras Sediments as a separate depositional succession, it must befollowed along the Brazilian coast, particularly considering the great
potential of the overlying deposits for providing key information that
are invaluable for discussion of the latest depositional, landform,
tectonic, sea-level evolution of the South American passive margin.
Unfortunately, erosion due to subsequent sediment deposition
might have contributed to the reworking of the lateritic paleosol, in
which case distinction between the Barreiras Formation and the Post-
Barreiras Sediments might not be so straightforward. In addition,
there are many places where only the latter are exposed. The
integrated approach provided herein indicates that the Post-Barreiras
Sediments record a post-Miocene depositional event.
Establishing ages based on OSL measurements of quartz grains
might be troublesome in some depositional environments, as
accuracy depends on the rate of bleaching due to exposure to
daylight. This rate varies according to the nature of the transport
process, with incomplete bleaching providing overestimated ages.
Aeolian deposits have the potential to provide more complete
bleaching, while this process might vary in subaqueous environments
depending on ﬂow behavior. Despite this complexity, tests of various
types of sediments ranging from aeolian, ﬂuvial, lacustrine and
shallow marine settings have provided accurate ages at least for the
last 350 ka (Murray and Olley, 2002).
The OSL results presented herein must be analysed within the
context of the foregoing discussion concerning the depositional
environment. As discussed in detail in the following, unit PB2 records
mostly aeolian deposits, thus quartz bleaching is expected to have
been complete. Part of the analyzed deposits in the unit PB1 was also
Fig. 9.Morphostructural lineaments from the southern portion of the study area (see Fig. 1 for location). A) Map of morphostructural lineaments, with indication of the three groups
discussed in the text. B) Map of density. C) Rosette diagram with lineament trends based on their absolute frequency and length. N = number of measurements. See text for further
discussion.
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volume of ﬂuvial and shallow marine strata. Bioturbated deposits
formed probably in coastal areas were avoided, but many samples
derived frommassive sandstones, which might have both marine and
ﬂuvial contributions. Despite the various sources of the quartz grains,
it is probable that bleaching during deposition was sufﬁcient to
provide consistent OSL ages, as revealed by their progressive increase
with depth along individual stratigraphic proﬁles. Therefore, the OSL
ages of the Post-Barreiras Sediments suggest deposition during the
latest Quaternary.
There is a line of reasoning suggesting that the late Quaternary
Post-Barreiras Sediments record at least two depositional episodes.
First, this is revealed by the discontinuity surface with erosional relief
between the two above-described lithological packages, i.e., units PB1
and PB2. Second, the OSL ages derived from these units conﬁrmed the
occurrence of temporally distinct deposits with Late Pleistocene and
mostly Holocene ages below and above the discontinuity surface,
respectively. The absolute ages derived from these deposits indicate
that this surface records a non-depositional hiatus of nearly 4 ka.
Despite the two groups of dates recorded in unit PB1, the small age
difference and the absence of a discontinuity surface between the
indurated sandstones and breccias and the overlying softer sediments
lead to the assumption that these deposits record continuous
sedimentation through time.
5.2. Depositional paleoenvironments
The various facies characteristics of unit PB1 indicate several
depositional settings. The origin of poorly to moderately sorted,
tabular- or trough-cross stratiﬁed conglomerates and sandstones
interbedded with mudstones is most likely related to ﬂuvial
deposition. The organization of these strata into ﬁning and thinningupward cycles is consistent with waning ﬂows, typical of channel
deposits. The concave-up discontinuity surfaces mantled by mud-
stone clasts that bound locally these deposits constitute good
evidence of sedimentation by conﬁned ﬂows within channels. The
associated massive sandstones with dispersed quartz granules and
pebbles, as well as clasts of ferruginous concretions that become
coarser upward, might be related to colluvial deposition. This
interpretation is consistent with the occurrence of these strata over
steeply-deepening erosional surfaces mantled by clasts of ferruginous
concretions. This material probably derives from erosion of the
lateritic paleosol associated with the unconformity on top of the
Barreiras Formation, being accumulated downhill due to gravity.
Interpreting the indurated massive deposits, which represents a
considerable part of unit PB1, is not so straightforward. Taking into
account the overall geographic and geologic context, several
hypoth eses could be raised to explain the large volume of massive
sandstones in this unit. Unit PB1 displays strong weathering under
modern, and perhaps also past tropical conditions, extensive
bioturbation, and sediment deformation during or shortly after
deposition. A genesis due to modern weathering is not sustained,
because there are many places where these deposits overlie stratiﬁed
sands from unit PB2. An interpretation related to paleoweathering
must be regarded if weathering was important during the genesis of
these strata. Considering that at least part of unit PB1 is highly
bioturbated, one possibility is that the primary sediment framework
was obliterated by biogenic reworking during pedogenesis. Certainly,
it is well known that biogenic activity might be signiﬁcant in some
subaqueous continental environments, such as ﬂoodplain, ﬂuvial bar
and lake. However, intense bioturbation, as required to generate the
large scale massive sandstones would be more likely expected in the
marine realm. Unfortunately, identiﬁcation of individual trace fossils,
which could help determine the depositional conditions, was not
Fig. 10. A) MDE-SRTM data (higher altitudes toward lighter gray tones), illustrating several curved drainage lines in the area with a higher volume of density lineaments, where the
Barreiras Formation is better exposed (see location and corresponding geology in Fig. 4). B) Drainage map corresponding to the area shown in ﬁgure A, with location of curved rivers
cited in the text. C,D) Folds recorded in exposures of the Barreiras Formation in the area shown in ﬁgure A.
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in deposits standing at higher elevations. However, the recognition of
the burrows Thalassinoides, Taenidium, Skolithos, Planolites, Diplocra-
terion and Teichichnus in exposures located at low elevations near the
coastal area constitute an ichnological assemblage that typiﬁes many
nearshore deposits described in the literature (e.g., Benynon and
Pemberton, 1992; MacEachern and Pemberton, 1994; Pemberton et
al., 2001; Uchman et al., 2004). The prevalence of thick and laterally
continuous packages of sandy sediments is consistent with this
interpretation, as coastal settings display high volumes of sands
accumulated due to the action of waves and tidal currents. The
upward cycles of ﬁne-grained to conglomeratic sandstones with
progressively less abundant and less diversiﬁed marine trace fossils
could be related preliminarily to regressive shoreline settings.
Despite the suggested marine inﬂuence in deposits of unit PB1
located near the modern coastline, a marine setting would be most
unsuitable for the explanation of Late Pleistocene massive strata
located at altitudes up to 200 m above modern sea level. This isbecause there is no record of high sea level of this magnitude during
this time, unless the marine deposits were uplifted to current
elevations, an unlikely hypothesis, as fully discussed in a following
session. Although bioturbation could explain some features of the
massive deposits, their genetic association with a variety of soft
sediment deformation structures conforms to destruction of primary
features either contemporaneous or shortly after sedimentation. As
previously proposed by Rossetti et al. (in press), the diverse ductile
and brittle structures intergraded with the massive beds must be
related with deformation contemporaneous to or shortly after
sediment deposition during large-scale gravitational mass instabilities
triggered by seismic waves. In particular, the deposits with complex
styles of ductile and brittle deformation structures and abundant
intraclasts of large dimensions, which overlie undeformed strata,
were pointed out by these authors as the main characteristics in
support of a seismogenic origin contemporaneous with sediment
deposition. Thus, the massive strata that typify unit PB1 more likely
record pervasive re-sedimentation due to liquefaction, rather than
Fig. 11. Curve with global sea-level ﬂuctuations during latest Pleistocene after Haddad's
(1994) conversion of Raymo et al. (1990) δ18O record from ODP. Arrows indicate the
time interval for deposition of the two Post-Barreiras Sediments (i.e., PB1 and PB2)
between the Last Interglacial Maximum (LIM; 130―120 ka) and the Holocene
Transgression (HT) that followed the Last Glacial Maximum. See text for further
explanation.
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tion resulting from grain re-suspension with consequent re-packing
due to the escape of large volumes of pore water ﬂuids. A similar
process has been invoked to explain sediment induration in seismites
elsewhere (e.g., Blanc et al., 1998).
In addition to alluvial and shallow marine sedimentation, the
sands with structures developed by dissipation of dunes in units PB1
and PB2 might have been formed as coastal dunes. The discontinuity
surface between these units and the fact that PB2 deposits occur in the
underlying unit either ﬁlling vertical to sub-vertical fractures and fault
planes or as rounded to ellipsoidal-shaped pockets, lead to the
suggestion that this last depositional episode might have taken place
still under the effect of seismic waves.
5.3. Landform, sea level and tectonic evolution
As previously documented for the northern Brazilian coast (e.g.,
Rossetti, 2004, 2006; Rossetti et al., 1989), this study attests that a
signiﬁcant volume of the Post-Barreiras Sediments also unconform-
ably overlies the Barreiras Formation in the Paraíba Basin. This ﬁnding
opens a new opportunity to discuss landform, sea level and tectonic
history of the eastern South American passive margin during the
latest Quaternary.
Although the Barreiras Formation was not a focus of this study,
previous works have linked an extensive occurrence of this unit along
the Brazilian margin to the Miocene transgression (e.g., Rossetti,
2006; Rossetti and Góes, 2009), as recorded in many other places
worldwide (e.g., Dighton, 1962, Louwye, 2005; Macharé et al., 1988;
Rögl, 1999). Following this sea level rise, the study area experienced a
prolonged period of non-deposition and sub-aerial exposure, attested
by the unconformity with lateritic paleosol at the top of the Barreiras
Formation. In the northern Brazil, this unconformity was related to
the Tortonian drop in sea level (Rossetti, 2004). This interpretation
agrees with recent Ar/Ar and U–Th/He dating of manganese and iron
oxides and hydroxides from these paleosols in the northeastern Brazil,
including areas adjacent to the Paraíba Basin (Lima, 2008). A late
Miocene drop in sea level due to glacio-eustasy has been recorded in
many other areas (e.g., Peck et al., 1979), an event that might have
extended to the Pliocene (e.g., Mercer and Sutter, 1982). This large
time gap with no sedimentation leads to the argument that theunconformity with lateritic paleosol resulted not only from a drop in
sea level, but also from its combination with a tectonic quiescence
along the Brazilian margin. Despite many episodes of high sea level
following the Miocene transgression, it is likely that sediment
deposition was not favored because of the lack of accommodation
space during these periods of tectonic stability.
Sedimentdepositionwas reactivated in thestudyareabetween178 ka
and30 ka. In fact, the age of 178.3±26.8 kaderives only fromone sample,
with the remaining ones recording ages between 74.8±9.3 ka and
30.8±6.9 ka. It is opportune to recall that marine terraces and aeolian
dunes fromareas to the north of the Paraíba Basin have suggested ages up
to 390 ka (Barreto et al., 2004).Moreover, previousdating of similar strata
in the study area recorded ages up to 229 ka (Tatumi et al., 2003).
Therefore, there is a possibility that unit PB1 includes Late Pleistocene
deposits older than the ones recorded in the present study. On the other
hand, it is also noteworthy to add that those data were obtained using
TL and Multiple Aliquot Regeneration MAR/OSL, while the ages provided
herein derive from the more detailed SAR/OSL method. A comparative
study using these protocols applied to the Post-Barreiras Sediments in
the north of Brazil has shown that TL and MAR/OSL protocols provide
considerably older ages than the SAR/OSL protocol (Tatumi et al., 2008).
Regardless the above mentioned dating debate, a key point is that
sediment deposition was reactivated in the study area in the latest
Pleistocene. During this time, sea-level might have been responsible
for generating part of the deposits formed close to the modern
coastline. As previously mentioned, however, it is highly unlikely that
it could explain sediment deposition of unit PB1 on highland terrains
up to 200 m above the modern sea level. Considering the dates
provided in this study, sedimentation of unit PB1 would have
occurred between two marine transgressions, one associated with
the Last Interglacial Maximum (130–120 ka) and the other one
initiated after the Last Glacial Maximum (Fig. 11). Altitude of global
sea level during the Last Interglacial Maximum reached only few
meters above the modern one (e.g., Kopp et al., 2009; Neumann and
Hearty, 1996; Shackleton, 1988).
In the particular instance of the Brazilian coast, several references
support rises of only up to 8 m and N5 m in the Last Interglacial
Maximum and in the Holocene transgression, respectively (Angulo et
al., 2006; Martin and Suguio, 1992; Martin et al., 1982, 1986; Suguio et
al., 1984, 1985; Tomazelli and Dillenburg, 2007). In fact, global sea
level during the time interval of nearly 75 to 30 ka ranged around 50
to 110 m below modern sea level, respectively (Fig. 11). A severe
tectonic deformation, with uplifts ranging from 250 to 290 m would
have been required to lift deposits formed at sea level during
deposition of unit PB1 to altitudes of ~200 m. These rates would be
similar or even higher than those recorded along tectonic plate
boundaries that have undergone strong seismic activity. For instance,
Treckler et al. (1998), Bordone and Valensise (1998) and Merrits et al.
(1998) reported marine terrace uplift of 150 m in the Mesa Hills
(California) in the last 300 ka, 157 m in Italy at 125 ka, and 170–180 m
along the Banda Arc, Australian plate collision zone, Eastern
Indonesia, during the period of 130–120 ka, respectively. Thus, it is
most likely that deposits of unit PB1 exposed at this altitude include
continental strata. Marine deposits, located only near the modern
coastline, are related to punctuated sea level rise, local tectonic uplift,
or both, during the main regressive phase subsequent to the Last
Interglacial Maximum.
The foregoing discussion does not rule out the signiﬁcance of
tectonic deformation in the study area. The density of morphos-
tructural lineaments can be used to suggest that tectonic inﬂuence
decreases toward younger deposits. Hence, the highest lineament
volume of the Barreiras Formation indicates that, being older, this unit
would record more tectonic episodes. A previous study (i.e., Rossetti
et al., in press) attested that the Barreiras Formation in the Paraíba
Basin contains an abundance of post-depositional faults and fractures.
Despite the fact that unit PB1 contains fewer lineaments relative to
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structures related to seismic activity supports tectonic reactivation
during the Quaternary, a hypothesis in agreement with previous
studies in the northeastern Brazil (e.g.Bezerra et al., 2005; Nogueira et
al., 2010; Saadi and Torquato, 1992) and, in particular, in the Paraíba
Basin (e.g., Bezerra et al., 2008; Furrier et al., 2006). In addition,
instrumental and historical data indicate that the study area is located
in one of the most seismically active area in intraplate South America
(e.g., Bezerra et al., 2007; Ferreira et al., 1998, 2008).
The curved trellis drainage pattern associated with exposures
displaying broad synclines and anticlines leads to the proposition that,
in addition to extension, compression might have contributed to the
deﬁnition of landscape and inﬂuenced sediment accommodation in
the Paraíba Basin. During the Late Pleistocene, this basin experienced
nearly E–W compression and N–S extension linked to a strike–slip
faulting regime (Bezerra et al., 2008). This event could have triggered
the seismites of unit PB1. The features observed in association with
the discontinuity surface at the base of unit PB2 suggest that this unit
was also triggered by tectonics.
6. Conclusion
The integrated approach presented herein allows us to conclude
that the Post-Barreiras Sediments in the Paraíba Basin can be
deﬁnitely distinguished from the underlying Early/Middle Miocene
Barreiras Formation. The Post-Barreiras Sediments constitute a
complex record of renewed sediment deposition in the Late
Pleistocene and Holocene. This would have been due to extension
and compression of the South American passive margin within a
strike–slip tectonic regime. Although unit PB1 was formed during the
overall drop in global sea level that followed the Last Interglacial
Maximum, punctuated sea-level rises might have produced marine
inﬂuenced deposits recorded in nearby coastal areas. The bulk of this
unit in the high terrains probably includes only continental strata
formed, in large part, as a result of contemporaneous seismic activity.
On the other hand, unit PB2, developed during the Holocene
transgression, contains mostly aeolian sediments. This led to the
conclusion that the Holocene global rise in sea level was not
signiﬁcant in this area, perhaps due to compensation by mild tectonic
uplift. Alternatively, the sedimentary imprint of transgressive sands
has been destroyed due to aeolian reworking.
The better understanding of both the stratigraphic framework and
the depositional environments, together with morphological features,
were crucial in showing how tectonic reactivations potentially have
affected the post-Miocene deposits along the northeastern Brazil. The
results have led to the realization that we should review the evolution
of the South American passive margin made on the basis of
undeformed planation surfaces and homogeneous chronology of
sediments over wide coastal areas.
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